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ABSTRACT 
Retrofitting concrete structures with bonded fiber reinforced polymer (FRP) has grown to be a widely 
used method in all most parts of the world today. The main reason for the widespread application of 
FRP is that it is possible to obtain an effective strengthening with a relative small work effort. 
Furthermore, it is possible to carry out strengthening work without changing the current appearance or 
dimension of the structures. However, in most cases the bonded FRP materials are unstressed. If 
prestressing could be applied, better utilization of the strengthening material and a better 
strengthening result would most likely be achieved.  
Increasing research is carried out in the area of repair and upgrading of concrete structures with 
prestressed CFRP (Carbon Fiber Reinforced Polymers) materials. In this study, the flexural 
performance of reinforced concrete beams strengthened with CFRP plates using FRP bonding and 
prestressed FRP bonding has been mainly discussed by means of a Finite Element analysis.    
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ASTRATTO 
Il rinforzo di strutture in c.a. con materiali compositi fibrorinforzati FRP applicati esternamente è ormai 
utilizzato in molte parti del mondo. Una delle principali ragioni della diffusione di questi materiali FRP è 
la possibilità di ottenere un significativo contributo di rinforzo con un dispendio di energie 
relativamente ridotto. Inoltre è possibile rinforzare la struttura senza cambiare l’aspetto e le dimensioni 
degli elementi strutturali. Tuttavia nella maggior parte delle applicazioni il rinforzo FRP non è 
pretensionato. Se si applica una pretensione è possibile ottenere un migliore utilizzo del materiale ed 
un migliore risultato globale. 
La ricerca nel campo del rinforzo di strutture in calcestruzzo con materiali FRP pretesi è in crescita. In 
questo lavoro è analizzato il comportamento flessionale di travi in c.a. rinforzate con laminati CFRP 
pretesi applicati esternamente tramite il metodo degli Elementi Finiti. 
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Tãm t¾t (Abstract) 
Gia c­êng kÕt cÊu bª t«ng cèt thÐp b»ng sîi Cacbon tæng hîp ngµy nay trë thµnh mét ph­¬ng ph¸p 
®­îc ¸p dông réng r·I trªn thÕ giíi. Lý do chÝnh khiÐn sîi Cabon tæng hîp ®uîc ¸p dông réng r·I lµ do 
tÝnh kh¶ thi trong viÖc ®¹t ®­îc sù gia c­¬ng h÷u hiÖu víi mét khèi l­îng c«ng viÖc thùc hiÖn kh«ng 
qu¸ lín. Ngoµi ra, kÝch th­íc còng nh­ h×nh d¹ng cña kÕt cÊu sÏ kh«ng bÞ thay ®æi trong qu¸ tr×nh tiÕn 
hµnh c¶i t¹o. Tuy nhiªn trong hÇu hÕt c¸c tr­êng hîp c¶i t¹o tr­íc ®©y, sîi Cacbon tæng hîp kh«ng 
®­îc øng suÊt tr­íc. NÕu øng suÊt tr­íc ®­îc ¸p dông cho sîi Cabon tæng hîp, hiÖu qu¶ sö dông 
còng nh­ kÕt qu¶ cña c«ng t¸c gia c­êng sÏ dÏ dµng ®¹t ®­îc.  
Ngµy cµng nhiÒu c¸c nghiªn cøu vÒ ®Ó tµi söa ch÷a còng nh­ gia c­êng kÕt cÊu bª t«ng cèt thÐp 
dông sîi Cacbon tæng hîp øng suÊt tr­íc. Trong bµi nghiªn cøu nµy, øng xö chÞu uèn cña dÇm bª 
t«ng cèt thÐp gia cuêng b»ng sîi Cacbon tæng hîp øng suÊt tr­íc ®­îc th¶o luËn chÝnh. Ph©n tÝch kÕt 
cÊu dïng ph­¬ng ph¸p phÇn tö h÷u h¹n còng ®­îc tiÕn hµnh ®Ó xem xÐt tÝnh kh¶ thi cho viÖc ¸p dông 
sîi Cacbon tæng hîp øng suÊt tr­íc ®Ó gia  c­êng dÇm bª t«ng cèt thÐp. 
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1. INTRODUCTION 
1.1     General  
From the first concrete structure appeared, it is well known that concrete is a building material with 
high compressive strength and low in tension strength. A concrete beam for instance without any 
appearance of reinforcement will be cracked and fail when subjected to a relative small load. The 
failure of the concrete structure may occur suddenly in most cases and in a brittle manner. Therefore, 
the most common way to strengthen a concrete structure is to use steel reinforcing bars placed in the 
structure before casting the concrete. Since concrete structures usually have a long lifespan, they 
have been plagued by deterioration and destruction. Deterioration and destruction are laws of nature 
the affect even the most modern structures. The structure may have to carry larger loads in the later 
date due to the change of usage demands or fulfils a new building code. In some extreme cases the 
performance of concrete structures may be damaged due to an accident. A further reason is that 
sometime structures are insufficient to carry loads either due to incorrect design or mistakes during 
construction phase. If any of these situations arise it is necessary to determine whether it is more 
economic to strengthen the existing structure or to replace it. In some cases, comparing to build a new 
structure, strengthening an existing one is often more complicated.   
 
1.2 Strengthening Concrete Structures.  
If strengthening is needed there exist a variety of methods, for example adding on new structural 
material, external prestressed tendons, or changing the structural system. Further more, in some 
situations for instance by adding a column at specific place to support a beam or a slap, a statical 
behavior of a structure may be changed.  
Another method to improve the performance of a structure is to use more advanced calculation 
models in taking consideration into real dimensions and material data, loads etc. This may also be 
called administrative upgrading and is often the most economical upgrading method. 
These methods mentioned above have been proven to work well in many situations. However, in 
some cases, they may have disadvantages that make the method too expensive to use or not as 
effective as wanted in terms of time and structural behavior. Due to the different advantages and 
drawbacks of strengthening methods, designers must evaluate all alternatives including the possibility 
that upgrading may not be the best choice and replacement is the alternative. During the last decade 
due to the development of the strong epoxy adhesives, it has become more and more customary to 
strengthen concrete structures by bonding advanced composite materials to their surfaces. The 
method involves a material with high tensile strength and relatively high stiffness being bonded to the 
surface of a structural element to serve as additional reinforcement (Shin and Lee, 2003). One 
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advantage of this technique is that there are no large physical changes of the structure, another is that 
very high strengthening effects can be achieved.  
The appearance of Fiber Reinforced Polymer (FRP) material in Civil Engineering arena gave the 
engineers a material that does not corrode, that is strong, stiff and lightweight. However, these 
materials are still unknown to engineers in the civil engineering industry, although the knowledge 
seems to be increasing. The most common used fibers are glass, carbon and aramid fibers in which 
carbon is the dominating one.  
For concrete it would be beneficial in many situations if a compressive force could be applied to the 
structure. There are investigation presented where Carbon Fiber Reinforced Polymer (CFRP) 
laminates has been prestressed prior being bonded to the concrete surface. In fact, if the laminates 
are prestressed, the bonded laminates might in most cases be used more efficient than without 
prestress. However, this method often requires a mechanical anchorage device to transfer the forces 
into the existing structure.   
 
1.3 Restrictions.  
The prestressed bonded laminates has shown promising result both in laboratory and in full scale 
application. However, the lack of codes and the relative small amount of research that has been 
carried out in the field of strengthening with prestressed FRP so far make it difficult to gain an 
acceptance for the method both by engineers and clients.  
 
1.4 Research objective.  
The objective of this research is to study a method to strengthen a flexural capacity of concrete beam 
with prestressed FRP laminates. Following this method, a unidirectional FRP laminate is first 
pretensioned and applied to the tension face of the beam, the two far ends of the composite are 
anchored once the adhesive has fully hardened, and the FRP laminate is then transformed into a 
prestressing element. For this purpose different experimental results of the beam strengthened with 
prestressed FRP will be discussed and finally the possibility of using prestressed FRP in strengthening 
Reinfoced Concrete beam is verified by performing analysis by mean of Finite Element Method.  
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2.  LITERATURE STUDY 
             
2.1     Fiber Reinforced Polymer, FRP  
2.1.1      Composite  
The word composite comes from the Latin word componere, which means put together. A composite 
is a material composing of two or more separate parts with distinguished phase between them. One of 
the parts is harder and stronger, while the other holds the role as a force transferring material.  
2.1.2      FRP  
Fiber reinforced polymers is a composite material where a polymer matrix is reinforced with many 
relatively thin and long fibers. These composites are to be found in sports equipment, aircraft, and the 
spacecraft industry. Although composites have been used in the building industry, the usage and 
material itself can be considered as new within building industry perspectives. The FRP mostly used 
for civil engineering applications are CFRP (Carbon Fiber Reinforced Polymer), GFRP (Glass Fiber 
Reinforced Polymer). The most common polymer matrix used is Epoxy, Polyester, and Vinyl Ester.  
2.1.2.1      Fibers  
Fibers are made of very thin continuous filaments, and therefore, are quite difficult to be individually 
manipulated. For this reason, they are commercially available in different shapes (Figure 2.1).  
A brief description of the most used is summarized as follows:   
• Monofilament: basic filament with a diameter of about 10 µm.  
• Tow: untwisted bundle of continuous filaments.  
• Yarn: assemblage of twisted filaments and fibers formed into a continuous length that is suitable for 
use in weaving textile materials.  
• Roving: a number of yarn or tows collected into a parallel bundle with little or no twist 
By combining a number of tows or yarns together, a tape is obtained, where tows or yarns can be 
simply arranged side by side or sewed or fastened on a bearing. The classification of fibers is directly 
taken from that traditionally used for textile fibers.  
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Figure 2.1 - Most used shape of fibers (CNR –DT 200/2004). 
 
 
             .      GLASS FIBERS 
These are fibers commonly used in the naval and industrial fields to produce composites of medium 
high performance. Their peculiar characteristic is their high strength. Glass fibers typically have a 
Young modulus of elasticity (70 GPa for E-glass) lower than carbon or aramid fibers and their abrasion 
resistance is relatively poor; therefore, caution in their manipulation is required.  
In addition, they are prone to creep and have a low fatigue strength. To enhance the bond between 
fibers and matrix, as well as to protect the fibers itself against alkaline agents and moisture, fibers 
undergo sizing treatments acting as coupling agents. Such treatments are useful to enhance durability 
and fatigue performance (static and dynamic) of the composite material. FRP composites based on 
fiberglass are usually denoted as GFRP. 
             .      CARBON FIBERS 
Carbon fibers are used for their high performance and are characterized by high Young modulus of 
elasticity as well as high strength.  
They have an intrinsically brittle failure behavior with a relatively low energy absorption; nevertheless, 
their failure strength are larger compared to glass and aramid fibers. Carbon fibers are less sensitive 
to creep rupture and fatigue and show a slight reduction of the long-term tensile strength. FRP 
composites based on carbon fibers are usually denoted as GFRP. 
             .      ARAMID FIBERS 
Aramid fibers are organic fibers, made of aromatic polyamides in an extremely oriented form. First 
introduced in 1971, they are characterized by high toughness.  
Their Young modulus of elasticity and tensile strength are intermediate between glass and carbon 
fibers. Their compressive strength is typically around 1/8 of their tensile strength. Due to the 
anisotropy of the fiber structure, compression loads promote a localized yielding of the fibers resulting 
in fiber instability and formation of kinks. Aramid fibers may degrade after extensive exposure to 
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sunlight, losing up to 50 % of their tensile strength. In addition, they may be sensitive to moisture. 
Their creep behavior is similar to that of glass fibers, even though their failure strength and fatigue 
behavior is higher than GFRP. FRP composites based on aramid fibers are usually denoted as GFRP. 
For strengthening purposes in civil engineering carbon fibers are the most suitable. Generally, all 
fibers are linear up to failure and have higher stress capacity than ordinary steel. The most important 
properties that differ between the fiber types are stiffness and tensile strength. The three fiber types 
are schematically presented in Figure 2.2 in comparison with ordinary and prestressing steel bar. In 
table 2-1 some material data for the most common materials is presented.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
                                Figure 2.2 - Properties of different fibers and typical reinforcing steel. 
 
 
 
Table 2 - 1 Comparison between properties of fibers, resin, and steel (typical value) 
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2.1.2.2      Matrix  
The matrix should transfer forces between the fibers and protect the fibers from the environment. In 
civil engineering, thermosetting resins are almost exclusive used. Of the thermosets vinylester and 
epoxy are the most common matrices. Epoxy is mostly favored above vinylester but is also more 
costly. Epoxy had a pot life around 30 minutes at 20 oC but can be changed with different formulations. 
The curing goes faster with increased temperature. Epoxies have a good strength, bond, creep 
properties, and chemical resistance.  
2.1.3      Mechanical properties of FRP 
Most FRP materials are made of fibers with high tensile strength and stiffness, while their strain at 
failure is lower than that of the matrix. In fact, it is important the matrix have the capability to suffer a 
higher strains the fiber, if not there will be cracks in the matrix before the fibers fail and the fibers will 
be unprotected. Fig 2.3 shows the stress – strain relation for fiber, matrix and the resulting FRP 
material. The resulting FRP material has lower stiffness than fibers and fails at the same strain, f,max, 
of the fibers themselves.                                        
                                                                                                                                    
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 – Stress – strain relationship of fibers, matrix and FRP (CNR –DT 200/2004). 
 
Table 2-2 summarizes mechanical properties of a pre-cured laminate compared to the average values 
of the corresponding fibers. The values of Young modulus of elasticity, Ef, and ultimate strength at 
failure, ff, of the laminate are lower than those of the fiber itself, while the ultimate tensile strain is of 
the same order of magnitude for both materials. 
 
Table 2-2 Comparison between mechanical properties of a pre – cured laminate and fibers (CNR –DT 200/2004). 
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2.1.4      Durability 
Durability is one of the key issues when a new material is going to be used in structures. Since the 
application of FRP in civil engineering is quite new there is a little accurate knowledge of the sort term 
and long term behavior of the FRP. However, according to recent study the durability of FRP depends 
both on specific environmental conditions (alkaline, moisture, high temperature.) and long term effects 
(creep and relaxation, fatigue loading).  
2.1.4.1      Environmental effects 
Alkaline  
Exiting in the form of water contained in the pores of concrete, alkaline environment may cause 
degradation of the resin and the interface between FRP and support. Resin damage via alkaline is 
typically severe than due to moisture. In general epoxy exhibit good resistance to alkaline 
environment. The resin shall complete its curing process prior to being exposed to alkaline 
environment. 
Moisture 
The main effect of moisture absorption concerns the resin. The moisture absorption in FRP material 
depends on the type of resin, laminate composition, thickness quality, curing conditions, the resin – 
fiber interface, and the working condition. Generally, moisture effects over short – term cause 
degradation in strength rather than stiffness levels. Product with an epoxy matrix is less sensitive to 
moisture compared to matrixes of polyester or vinyl ester.  
High temperature  
The primary effects of temperature depend on the viscous response of both resin and composite. The 
Young modulus of elastic of the resin will reduce if the temperature rises. In fact, when the 
temperature exceeds the glass transition temperature, the performance of FRP materials significantly 
decreases. In general, thermal cycles do not harmful effects on FRP, however they may cause micro- 
fractures in systems with high modulus resins. For typical temperature in civil engineering, it is 
possible to use a system where the glass transition temperature is always higher than the maximum 
operating temperature of the strengthened structure in order to avoid fire damage.    
Ultraviolet radiations (UV) 
The mechanical performance of FRP – based systems are rarely degraded due to ultraviolet 
radiations. However, in some cases, ultraviolet radiation may cause some resins to have a certain 
degree of brittleness and surface erosion. In general, the most harmful effect relevant to UV exposure 
is the penetration of moisture and other aggressive agents through the damaged surface. FRP – 
based system may be protected from such damages by adding filters to the resin or by providing 
appropriate coatings.  
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2.1.4.2      Long - term effects 
Creep and relaxation  
For most FRP composite, creep deformation becomes a more important role at high stress levels or 
high temperatures or a combination of the two. In FRP – based system, creep and relaxation depend 
on both properties of resins and fibers. Such phenomena are more visible when the load is applied 
transversely to the fibers or when the composite has a low volume ratio of fibers. Creep may be 
reduced by ensuring low serviceability stresses.    
Fatigue effects  
In FRP system the fatigue performance depends on the matrix composition and the type of fiber. In 
unidirectional composites, fibers usually have few defects; therefore, they can effectively delay the 
formation of cracks. The propagation of crack is also prevented by the action of adjacent fibers.  
 
2.2     Strengthening with non prestressed CFRP laminate 
2.2.1      Introduction 
As mentioned in chapter 1, structures often need to be repaired or strengthened and there exist a 
variety of methods such as: changing the cross – section, external prestressing, changing the static 
system or using plate bonding technique.  
The ideal of plate bonding is mainly based on the fact that concrete is a building material with high 
compressive strength and poor tensile strength. A concrete structure without any form of 
reinforcement subjected to tension or bending will crack and fail at a relatively small load. More over 
concrete structures load bearing capacity is often limited by the amount of reinforcement. By adding 
reinforcement by bonding it into the surface of the structures the load bearing capacity may in many 
case be increased. This method originated with the use of steel plate in the mid sixties and was quite 
extensively used during the 70ties. However, the bonded plate nowadays is mostly a sheet or laminate 
of fiber reinforced polymer due to the fact that steel plate bonding in most case shown some 
drawbacks such as : the risk of corrosion, difficult to lift and laborious to mount.   
During the last decade FRP plate bonding has developed into an accepted method to strengthen 
structures all over the world. This method may be defined as one in which, a composite plate or sheet 
of relatively small thickness is bonded with an epoxy adhesive to a concrete structure to improve its 
structural behavior and strength. The sheet or plates do not require much space and give a composite 
action between the adherents (Nordin et al 2006).  
In general, FRP plate bonding can be classified into three main types: laminate plate bonding, Near 
Surface Mounted Reinforcement, NSMR (Fig 2.4) and hand lay up method. However, in this chapter 
only laminate plate bonding CFRP Reinforcement will be discussed.    
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Figure 2.4 - Schematic of plate bonding and near surface mounted reinforcement (Taljsten et al 2003) 
. 
2.2.2 Laminate and Sheet plate bonding  
CFRP, as discussed in Chapter 1, does not corrode, can come in any length, and has high stiffness to 
weight ratio. Low weight makes it easier to handle the material on the site and it doesn’t change the 
frequency of the original structure. In addition, composites are formable and can be shaped to any 
desired form (Fig 2.5).  
Today, the use of CFRP laminate in strengthening reinforced concrete structures is quite common and 
become a widely accepted strengthening method. In fact, many researchers as well as research 
institutes all over the world have carried out tests and derived theories in this field. In Italy, for 
example, a guide line for the Design and Construction of Externally Bonded FRP Systems for 
Strengthening Existing Structures has been approved by the National Research Council in 2004.  
  
 
 
 
 
 
 
                                      a)                                                                                       b) 
Figure 2.5 - a) CFRP laminate. b) CFRP Sheet 
 
The strengthening process for FRP laminate and fabric in general must be performed in the steps 
following:  
. Preparation  
Pre – treatment of the surface with sandblasting or grinding should be done (Fig 2.6a) .If the inner 
reinforcement has extensive corrosion or if chlorides heavily contaminate the concrete, the corroded 
bars and the concrete should be removed and replaced to prevent the concrete cover spalling. The 
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composite will carry high load, therefore it is necessary to create a good bond between the plate and 
the concrete surface. Laminate bonded to the structure’s surface, require that the aggregates are 
uncovered so that the composite is bonded to a homogenous concrete (Fig 2.6b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                 a)                                                                                               b) 
 
Figure 2.6 - a) Preparation of the concrete surface. b) Uncovering aggregate 
 
Moreover, careful cleaning of the surface is necessary since dust, grease and other contaminates may 
lower the quality of the bond. Putty may be used to fill the lager holes and irregularities on the surface.  
The prime mostly used for hand lay up system. However, primer is also used for some laminate 
system. On the concrete the prime prevents the epoxy from being absorbed by the concrete instead of 
wetting fibers. The primer also penetrates the concrete via the pores and enhances the bond for the 
fibers. Figure 2.7 shows the application of prime into the concrete surface.  
 
 
 
 
 
 
 
 
 
Figure 2.7 - Application of primer into concrete surface 
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. FRP bonding   
After the preparation the strengthening system can be applied. Laminate plate bonding starts with 
filling irregularities in the surface with putty. Adhesive is then applied to the laminate and the laminate 
is put in place. Pressure is applied to the laminate with roller or by hand so that the epoxy is uniformly 
distributed. For fabric the adhesive is placed on the concrete surface and the fabric on the adhesive, a 
new layer of adhesive is then rolled on the fabric. The procedure is repeated until enough layers have 
been mounted.  Figure 2.8a and 2.8b shows the bonding of laminate and fabric FRP 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                               a)                                                                                b) 
 
Figure 2.8 - a) Bonding of laminate FRP into the beam. b) Bonding of fabric into  the column 
 
. Completion 
Completion work is mainly undertaken for durability and aesthetic reasons. To protect the matrix from 
Ultra violet – radiation the strengthening may be painted, which also may enhance the easthetic 
performance. The color can be chosen to hide the strengthening on the structure.   
2.2.3 Flexural behavior of Beams strengthened with CFRP laminates 
Beams flexurally strengthened with conventionally bonded FRP laminates exhibits increased strength 
and stiffness. Significant improvements in ultimate load capacity, and to a lesser extent, flexural 
stiffness are seen in many research studies. An overview of twenty – three different studies showed 
that one third of the strengthened beams showed strength increases of 50 percent or more along with 
considerable increases in stiffness (Bonacci and Maalej 2001). 
Most studies have investigated strengthened beams without pre-cracked by initial loading. The 
behavior of a strengthened pre – cracked section is not significant different from that of a strengthened 
virgin specimen (Rahimi and Hutchinson 2001). The beams in these studies were pre cracked with an 
initial loading of 30 to 70 percent of the ultimate capacity of the member, below the yielding of the 
tensile steel. At higher load levels, the crack patterns in beams with externally bonded FRP laminates 
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have exhibited a shift from several  widely spaced large cracks to many smaller cracks at a much 
closer spacing (Fanning and Kelly 2001). This shifted crack patterns is desirable for serviceability 
purposes, as smaller cracks not only limits deflection in the beam but also improves the durability of 
the beam, since the deterioration is related to the width of the cracks. Beside the advantages in 
improving load capacity of the structure many researchers have concluded that failure criteria for 
laminated systems need to be concerned. For this, however, a thorough understanding of the behavior 
of these systems is necessary. Many studies have presented a wide variety of failure modes observed 
in retrofit concrete beams (Meier, 1992); these failure types can be grouped into six distinct 
categories, illustrated in Figure 2.9. The criteria for each of these failures are affected by various 
parameters in the design of a FRP retrofit concrete beam. For example, it has been recommended 
that failure of these systems should occur with yielding of steel and ultimately rupture of the laminate 
before compressive concrete failures, shown in Figure 2.9 (a) (Meier, 1992).  
 
 
a) Yielding of the steel in tension followed by rapture                                      
of the FRP laminate 
 
 
  b) Crushing of the concrete in compression 
 
 
        c) Shear failure 
 
   
  d) Debonding of layer along the bar 
  
  
  e) Debonding of the FRP from the concrete substrate 
 
 
Figure 2.9 - Failure modes in reinforced concrete beam strengthened with FRP laminate 
 
Flexural failures of the retrofitted beam include tensile rupture of the laminate and compression failure 
of the concrete. Both failure occur in a brittle manner with a sharp, explosive fracture.  
According to (CNR-DT 200/2004 – Italian Research Council 2004), debonding failure modes for 
laminates or sheets used for flexural strengthening may be classified in the following four categories, 
schematically represented in Figure 2.10.  
 
 
 
 
 
 
 
Figure 2.10 - FRP flexural strengthening : debonding failure modes (CNR –DT 200/2004). 
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   Mode 1 (Laminate/sheet end debonding) (Fig 2.11) 
 
 
 
 
 
 
 
Figure 2.11 - Plate end debonding (CNR –DT 200/2004). 
 
The end portions of the FRP system are subjected to high interfacial stress for a length of 
approximately 100 – 200 mm. This stress tends to pull the end of the plate away from the beam, 
causing a delamination failure.  
   Mode 2 (Intermediate debonding, caused by flexural cracks) (Fig 2.12) 
 
 
 
 
 
 
 
 
 
Figure 2.12 - Debonding starting from vertical cracks in concrete (CNR –DT 200/2004). 
Delamination failure may also initiated by flexural cracks in the center of the span near the region of 
maximum moment. These cracks enhance interfacial shear stress responsible for FRP debonding. 
Delamination failures initiated by flexural cracks propagate from the interior of the plate to the end.   
   Mode 3 (Debonding caused by diagonal shear cracks) (Fig 2.13) 
 
 
 
 
 
 
 
Figure 2.13 - Debonding by diagonal shear crack (CNR –DT 200/2004). 
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For members where shear stresses are predominant compared to flexural stresses, a relative 
displacement between the edges of the crack is displayed. Such displacement increases normal 
stress perpendicular to the FRP laminate responsible for FRP debonding. Such a debonding 
mechanism is active irrespectively of the presence of stirrups.  
   Mode 4 (Debonding caused by irregularities and roughness of concrete surface)  
Localized debonding due to surface irregularities of the concrete substrate may propagate and cause 
full debonding of the FRP system. This failure mode can be avoided if the concrete surface is treated 
in such a way to avoid excessive roughness. 
Most researchers presented that failure mode1 and mode 2 are the most frequent in ordinary situation. 
Therefore, it is necessary to find a solution in order to avoid these failure mechanisms of the 
strengthened beams. In fact, many researchers have found that adding anchorages at the end of the 
plate can prevent brittle plate delamination failure. The majority of these plate end anchorages are 
either large anchor bolts epoxied into a drilled hole or large bolts placed with a mechanical expansion 
system that holds the bolt in a drilled hole. These holes are drilled through the FRP strip, and the bolts 
are employed with large washers or cover plates to keep the strip from peeling away from the concrete 
surface (Fig 2.14). Some researchers believe that suitably designed end anchorages enable more 
ductile failures of strengthened beams (Spadea et al. 2001).    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 - Typical anchorage system (Pellegrino et al 2009) 
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2.3     Strengthening with prestressed CFRP laminate 
2.3.1      Introduction 
Externally bonded fiber – reinforced polymer (FRP) sheets are currently used to repair and strengthen 
existing reinforced concrete structures. Although bonding an FRP sheet to a beam can increase its 
ultimate strength, the sheet does not significantly change the cracking load or the behavior of the 
beam under service load. However, by prestressing the sheet, the laminate is used more efficiently 
since it contributes to the load – bearing capacity under both service and ultimate conditions.  
 
2.3.2  Flexural behavior of beams strengthened with prestressed CFRP 
laminate 
The greatest advantage with prestressing FRP is the increased steel-yielding load. Studies have 
shown almost 50% increase in steel yielding compared to un-strengthened structures and up to 25% 
compared to non- prestressed strengthened structures, see for example Wight et al. (1995a) and 
Nordin et al. (2001). Moreover, in the service limit state, decreased crack size will be beneficial for a 
concrete structure since the smaller crack size and distance between the cracks will most likely 
increase the durability as well as the stiffness of the structure (Nordin et al 2006). Figure 2.15 shows 
the flexural behavior of the beams loaded with four points bending from the results of Nordin et al 
(2001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.15 - Beams strengthened with CFRP (Nordin et al 2001) 
From the figure 2.15, it can be realized that when subjected to external load the structural behavior of 
the beam can be divided into three main stages: concrete cracking, steel yielding and ultimate load. 
The cracking load of the non-strengthened beam and non– prestressed strengthened beam is almost 
the same while the beam strengthened with prestressed FRP has about twice the load. For steel 
yielding load 60% increase was observed in the prestressed strengthening when compared with non – 
a - non strengthened 
b - strengthened without prestress 
c - strengthened with prestress 
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strengthening. Significant increases in the ultimate strength of the beams were observed with the 
addition of the CFRP reinforcement.  
In general, in strengthened beams always appears an initial strain in the steel reinforcement due to the 
current external load. Although, the FRP laminate can carries larger part of the load, the steel 
reinforcement may yield. This drawback can be removed if the beams are strengthened with 
prestressed FRP. In fact, when prestressed FRP laminate were used, the internal steel reinforcement 
was relieved of tensile stresses and placed slightly into compression. Because of the prestress, a 
greater portion of the tensile stresses were transferred from the steel reinforcement to the FRP. This 
then gives a more effective utilization of the FRP material and lowers deflection of the structure during 
loading. Furthermore, the additional tensile reinforcement provided by the CFRP sheet permitted the 
formation of a larger compression zone in the beam and increased the load – carrying capacity of the 
beams after the yielding of steel occurred (Wight et al. 2001). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16 - The theoretical stress distribution  (Nordin et al 2001) 
In Figure 2.16a theoretical stress and strain distribution is shown for a concrete beam without external 
loads. In Figure 2.16b the strain distribution of a strengthened beam without prestressed FRP 
(continuous line) and with prestressed FRP (dotted line) are shown. In 2.16c the stress distribution for 
a beam strengthened without prestress is shown and in 2.16d the stress distribution of a rectangular 
beam with prestressed  
In Figure 2.16c M is indicated the moment due to applied load for a beam subjected to simple 
bending, the distribution of major stress easily calculated using Navier formula :  
                                                                     z
J
M
M   
Where : z is the distance from the neutral axis to the stress calculated point.  
Figure 2.16d shows the distribution of the stress due to the presence of the compressive force caused 
by pretstressed FRP. The stress is calculated by the formula:  
z
J
eP
A
P
f
.
      (1) 
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The total stress at the depth z of the section can be calculated by superimposition of M and f 
).()( z
J
eP
A
Pz
J
M
fMZ      (2) 
It can be realized that the depth of compression zone in the beam section tend to increase with the 
appearance of the compressive force cause by pretensioned FRP.  
Applying a prestress to the plate, prior to bonding, also affects the mode of failure. The plate has a 
compressive effect on the base of the beam, which tends to confine the concrete, resulting in a 
reduction in the amount of shear cracking which could initiate failure in the shear spans. As a result,  
the failure surface is shifted downwards, appearing to occur most readily at the adhesive/CFRP 
interface or within the bottom layers of the concrete, (Garden and Hollaway 1998). Prestressing 
produced significant increases in the load which causes yield of the internal steel over a non-
prestressed specimen (Quantrill and Hollaway 1998).  
If there are imperfections on the tension face the FRP sheet might separate itself from the beam 
surface, (Wight et al. 1995a). This indicates that the pre-treatment of the surface is more important 
when prestressing the laminates, mainly due to the higher shear stresses. The shear stress 
dramatically increases near the end of the sheets (Wight et al. 1995a). This makes an anchorage 
system useful for prestressing applications. 
Anchoring of the end zones has been one of the biggest problems when concrete structures are 
strengthened with prestressed CFRP laminates or sheets. It has been necessary to mechanically 
anchor the strips at the ends to prevent peeling failures. Different techniques using bolted metal plates 
have been tested as well as decreasing the thickness of the CFRP at the ends to lower the stresses in 
the concrete-CFRP interface. The results have proven effective. Multilayer application of CFRP has 
been tested to achieve a different prestressing proﬁle on the concrete beam (Wight et al. 2001). 
2.3.3      Prestressing method for FRP laminate 
Strengthening of reinforced concrete members with a prestressing FRP system is generally classified 
into three categories:  
 In directly prestresses the laminate by cambering the flexural members.  
 Tension is applied directly to the laminate by jacking against an external reaction frame 
 Tension is applied to the laminate by jacking directly to the strengthened beam itself.  
- The first method proposed by Saadatmanesh and Ehsani (1991), stressing in the FRP system was 
achieved by initially cambering the beam upward with the use of hydraulic jack (Fig 2.17). The FRP 
plates then are attached to the lower face of the beam. After the epoxy adhesive was properly cured, 
the jacking force is removed. As the beam deflects under its own self – weight and sustained dead 
load, a tensile stress is transferred to the FRP plate.  
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Figure 2.17 - Prestresses the sheet by cambering the flexural members  
 
Some of the disadvantages associated with this method are that it is labor intensive, only low level of 
prestressing can be induced in the plates, it is not easy to achieve the desired level of prestressing in 
the plates or sheets, and the reacting floor or foundation must be capable of sustaining the applied 
vertical loads. Advantages of the system are that it does not require the usage of specialized 
prestressing mechanical devices, the FRP system can be extended to the ends of the strengthened 
member, and the prestressed FRP system can be easily anchored at the ends of the FRP sheets or 
plates (Piyong Yu et al 2008).  
- The second method applies direct tension to the sheet by jacking against an external reaction frame 
has been carried out by some researchers (Triantafillou et al. 1992, Meier 1995, Piyoung Yu et al 
2003). For this method Piyoung Yu (2003) proposed a new mechanical device, made of one steel 
beam for prestressing FRP sheets. As presented  in Figure 2.18, the mechanical device consist of one 
continuous steel beam comprising two anchorage and two loading region. The anchorage region 
consists of removable and fixed steel plate to anchorage the CFRP. The loading region consists of (1) 
one steel strip to support and achieve the desired prestress in CFRP sheets, (2) two threaded rods 
welded to the steel strip and used to raise the steel strip in order to create a prestressing force.   
 
 
 
 
 
  
 
 
 
 
Figure 2.18 - Anchorge and loading region of prestressing device (Piyong Yu 2003) 
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                  FRP prestressing process 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Impregnating a polymeric resin into the CFRP 
sheet 
Bonding the ends of impregnated sheets on 
removable steel plates with polymeric resin  
Tightening the steel nuts in the load region 
Moving the thread rods and steel strips 
upwards creating a small uplift in the CFRP 
sheet 
Cleaning of concrete surface with abrasive 
disk 
Attaching the CFRP sheet to the RC beam 
with polymeric resin 
Removing mechanical device and cutting the 
CFRP sheets.  
Applying an additional CFRP strips to wrap the 
end of the prestressed CFRP sheet, increase 
the end bonding of the sheet 
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An attractive feature of this device is that the prestressing was achieved with a manual torque wrench 
without the need for using power-operated hydraulic jacks or any other type of sophisticated 
equipment. In typical prestressing applications, transfer of the prestressing is achieved under high 
strain rates, which increases the propensity for end debonding at low prestressing levels 
(Pornpongsaroj and Pimanmas 2003). This issue can be mitigated by the proposed device because 
the prestressing release is achieved under low strain rates. For higher prestressing levels in which 
debonding of the CFRP sheets cannot be prevented solely by controlling the strain rate at transfer, U-
wraps can be easily installed at the ends of the prestressing FRP system. Some disadvantages of this 
device are 1) the presence of the anchorage and loading regions may not permit the prestressed 
sheet to extend to the very end of the strengthened RC beam; and 2) (although not investigated in this 
program) the length of FRP system may be limited because of deformations within the device itself 
(Piyong Yu et al 2008). 
- In the third method or designated as the direct method, the FRP sheets or plates are first anchored 
at one end (dead anchor) and then tensioned from the other end (live anchor) using a power-operated 
hydraulic jack (Wight et al. 2001, El – Hacha et al.2001, Dong -Suk Yang et al. 2008).  
 
 
 
 
 
 
 
 
 
Figure 2.19 - Prestressing device (Dong -Suk Yang  2008) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.20 - Detail of the anchorage system (Dong -Suk Yang  2008) 
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According to this method, the FRP sheets or plates must be anchored to the beam itself at either end. 
The dead end is first anchored before stressing and the live end is subsequently anchored after the 
stress is applied to the FRP system (Fig 2.19). Figure 2.20 shows the anchorage system which is 
necessary for fixing the prestressed CFRP plates. The rough surface of the anchorage system is 
processed, and then fixed to the beam with anchor bolts. In order to prevent a load concentration, the 
anchorage system of the CFRP plate was attached to a GFRP tab (Dong -Suk Yang et al. 2008).  
In many instances, anchorage systems serve as a permanent anchorage to the FRP system leading 
to a costly solution due to the high costs associated with fabricating the specialized prestressing 
anchors and plates. To achieve a cost-effective solution, these anchorages can be optionally removed 
for usage in further applications. If left in place, permanent steel anchors are likely to be exposed to 
significant weathering or galvanic corrosion due to contact with the carbon fibers. Also, the anchors 
may need to be removed for aesthetics reasons, leading to potential debonding of the prestressing 
sheets or plates. To avoid premature debonding, it may be necessary to install U-wraps before 
removal of the anchors and plates. Because of the presence of these anchors and plates, however, 
the U-wraps must be placed away from the ends of the prestressed FRP system. Other disadvantages 
that can be associated with this method are that it tends to be laborious, and the beam surface must 
be properly treated before drilling for installation of the anchors.   
2.3.4      Advantage and disadvantage of prestressed FRP  
Prestressing the laminate prior to bonding has the following advantages:  
 Provides stiffer behavior as at early stages most of the concrete is in compression and 
therefore contributing to the moment of resistance. 
 Crack formation in the shear span is delayed and the cracks when they appear are more finely 
distributed and narrower (crack widths are also a matter of bond properties). 
 Closes cracks in structures with pre-existing cracks. 
 Improves serviceability and durability due to reduced cracking. 
 Improves the shear resistance of member as the whole concrete section will resist the shear, 
provided that the concrete remains uncracked. 
 The same strengthening is achieved with smaller areas of stressed strips compared with 
unstressed strips. 
 With adequate anchorage, prestressing may increase the ultimate moment of resistance by 
avoiding failure modes associated with peeling-off at cracks and the ends of the strips. 
 The neutral axis remains at a lower level in the prestressed case than in the unstressed one, 
 resulting in greater structural efficiency. 
 Prestressing significantly increases the applied load at which the internal steel begins to yield 
compared to a non-stressed member. 
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Beside the advantages above, however, the application of pre-stressed FRP in strengthening RC 
structures reveals some drawbacks:  
 It is more expensive than normal strip bonding due to the greater number of operations and 
equipment that is required. 
 The operation also takes somewhat longer. 
 The equipment to push the strip up to the soffit of the beam must remain in place until the 
adhesive has hardened sufficiently. 
 Without protection the reinforcement is fire and impact sensitive  
 Design consultants, contractors and clients have limited experience 
 
2.4     Quality verification  
The success of a strengthening depends on good workmanship. Before a strengthening is performed, 
it is important that the original structures condition is examined to verify if the strengthening technique 
will be applicable Täljsten (2002).  
The quality of the system is highly dependent on the surface that the FRP will be bonded to. The 
surface will be sandblasted or grinded and cleaned with pressurised air or a vacuum cleaner before 
bonding to achieve the best bond between the materials. No loose particles, grease or other 
contaminations are allowed on the surface at time of bonding. The reaction of the epoxy will not be 
satisfactory if the temperature is too low or if the relative humidity is too high. Both relative humidity in 
the air and the concrete have certain critical levels that can be measured (Augustsson, 1995). The 
demands that must be fulfilled are:  
 The relative humidity on the concrete surface must not be over 80% at the time of application 
of primer, epoxy and paint.  
 The temperature in the air must be at least 3 oC over actual dew point.  
 Temparature in the air should not be below 10 oC.  
However, the recommendations from the manufacturer of the products must be followed.  
After the strengthening, once the adhesive has cured it is possible to detect voids underneath the 
fibers by tapping a coin on the fiber surface. The sound the tapping generates is different if voids are 
trapped compared to a good bond (Täljsten 2002).     
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2.5     Previous experimental researches of the beams strengthened with pre-     
stressed FRP  
2.5.1       
Wight, R. G.,Green,M. F., and Erki, M. A. (2001). ‘‘Prestressed FRP Sheets for 
Poststrengthening Reinforced Concrete Beams’’ Journal of Composites for Construction, Vol.5, No. 4, 
November, 2001 
2.5.1.1      Experimental program  
. Specimens 
The objectives of this research are to investigate the feasibility of the proposed technique, to examine 
the behavior of reinforced concrete beams strengthened with prestressed FRP sheets, and to 
compare the effectiveness of FRP prestressed sheets with nonprestressed sheets. 
Four reinforced concrete beams were constructed with the dimension and material properties are 
shown figure 2.21 and table 2-3 and table 2-4. All specimens were cast with rectangular shape.   
 
Table 2 - 3 General characteristics of specimens 
 
 
Dimension (mm) Specimen  
Height Width 
Length  
(m) 
Concrete FRP area 
(mm2) 
End bar 
anchorage 
Prestress in 
FRP  
[MPa] 
A 575 300 5 Ordinary _ _ _ 
B 575 300 5 Ordinary 300 Yes _ 
C 575 300 5 Ordinary 300 Yes 200 
D 575 300 5 Ordinary 300 Yes 200 
 
 
Table 2 - 4 Mechanical properties of materials 
 
Material 
Compressive 
strength 
f’c (MPa) 
Tensile 
strength 
ft (MPa) 
Yielding 
strength 
fy (MPa) 
Ultimate 
strength 
fu (MPa) 
Young 
Modulus 
E (Mpa) 
Poision’s 
ratio 

Concrete 35 2.9 _ _ _ 0.2 
Rebar 
Stirrup 
_ _ 500 _ _ 0.3 
CFRP _ _ _ _ 125000 0.3 
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Figure 2.21 - FRP pre-stressing system and Cross section of the beams (Wight et al 2001) 
The beam A was not strengthened and it served as a control beam. The beam B was strengthened 
with nonprestressed FRP sheet but mechanical steel roller anchors were used at both ends.The beam 
C and D was strengthened with prestressed FRP sheet with the prestress in the sheet of 200 MPa and 
also provide with steel roller anchorage system.  
. Strengthening details 
The pre-stressed sheets were applied to the beam in successive layers. All beams were strengthened 
with five layers of CFRP sheets having overall area of 300 mm2.  
The mechanical prestressing and anchorage system used for the reinforced concrete beams is shown 
in Fig. 2.21. The mechanical anchorage system consisted of steel roller anchors bonded to the sheets 
and steel anchor assemblies ﬁxed to the beam. The roller anchors that gripped the sheet consisted of 
two stainless-steel rollers bonded to each end of the sheet. The rollers were 32 mm in diameter, 380 
mm long, and the central 300 mm was knurled to improve bond performance. At least three days prior 
to prestressing operations, the sheet was wrapped 2.5 times around the roller, and a two-part epoxy 
was applied to bond the sheet to the rollers. 
To prestress the sheets, the roller at one end of the FRP sheet was ﬁxed to the beam (dead end) and 
the roller at the other end was movable (jacking end). During prestressing, the movable roller was 
attached by steel prestressing strands to a hydraulic jack that reacted against the beam.  
. Instrumentation and Testing 
The beams were subjected to four point loading, as shown in Figure 2.22.  
 
 
 
 
 
 
 
 
  
Figure 2.22 - Test setup (Wight et al 2001) 
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During testing, displacement along the beams was monitored by 10 linear variable displacement 
transducers (LVDTs). The deformation of the beam was monitored by strain gauges mounted on 
reinforcement in the beams and on the FRP sheets.   
2.5.1.2      Experimental results 
 
Table 2 - 5 Testing results of the beams 
 
 First crack  Yielding Ultimate
Beam 
Moment 
(KNm) 
Displacement 
(mm) 
Moment 
(KNm) 
Displacement 
(mm) 
Moment 
(KNm) 
Displacement 
(mm) 
A 30 1 260 17 300 70 
B 40 1 320 22 405 48 
C 75 2 370 22 435 43 
D 75 2 350 22 410 44 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
a)                                                                                                 b) 
Figure 2.23 – a) Moment – Displacement Curves  b) Moment – Curvature Curves (Wight et al 2001) 
As presented in Figure 2.23 the behavior of the beams is significantly changed with the addition of 
CFRP sheets. The cracking load of the beam strengthened with pre-stressed CFRP increases 
significantly when compared with both control beam and the beams strengthened with ordinary CFRP. 
Moreover, when pre-stressed sheets were bonded to the concrete beam, yielding occurred at loads 
that were 35 to 40% higher than that of the control beam.  
Displacement and curvature at any load were significantly less with the addition of the nonprestressed 
and pre-stressed CFRP sheets as shown in Figure 2.23.  
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2.5.1.3      Conclusion 
Prestressed FRP sheets can signiﬁcantly improve the serviceability of a reinforced concrete structure. 
The prestressed sheets are most effective at reducing crack widths and delaying the onset of 
cracking. Because cracking is reduced, the beams with prestressed sheets have smaller deﬂections 
and curvatures at failure. Prestressed FRP sheets can dramatically decrease the strains in the 
reinforcing steel and delay its yielding. Although FRP sheets can signiﬁcantly increase the ultimate 
strength of concrete beams, prestressed sheets are slightly more effective at strengthening than 
unstressed sheets, because prestressing can prevent premature failures.  
2.5.2       
Piyong Yu, Pedro F. Silva, Antonio, Nanni (2003). “Flexural performance of RC beams 
strengthened with prestressed CFRP sheets “ CCC2003 International Conference, 2003 
2.5.2.1      Experimental program  
. Specimens 
Three reinforced concrete beams were constructed with the dimension and material properties are 
shown figure 2.21 and table 2-6 and table 2-7. All the beams have a rectangular cross section. 
 
Table 2 - 6 General characteristics of specimens 
 
 
Dimension (mm) 
Specimen  
Height Width 
Length  
(m) 
Concrete FRP area 
(mm2) 
CFRP U-
Wrap 
widths 
(mm) 
Prestress in 
FRP  
[% ffu] 
A 305 203 2.4 Ordinary _ _ _ 
B 305 203 2.4 Ordinary 31.6 Yes _ 
C 305 203 2.4 Ordinary 31.6 Yes 15 
 
 
Table 2 - 7 Mechanical properties of materials 
 
Material 
Compressive 
strength 
f’c (MPa) 
Tensile 
strength 
ft (MPa) 
Yielding 
strength 
fy (MPa) 
Ultimate 
strength 
fu (MPa) 
Young 
Modulus 
E (Mpa) 
Poision’s 
ratio 

Concrete 41 _ _ _ _ 0.2 
Rebar 
Stirrup 
_ 415 _ _ 190000 0.3 
CFRP _ 3972 _ _ 228000 0.3 
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The beam A is a control beam without strengthening. The beam B was retrofited with nonprestressed 
FRP sheet..The beam C was strengthened with prestressed FRP sheet but CFRP U Wrap was used 
at both end of the beam in order to increase the bonding of the sheet to the reinforced concrete beam. 
The sheet in beam C was pre-stressed with the prestress equal to 15% of its ultimate strength ffu 
. Strengthening details 
The FRP sheets having a total area of 31.6 mm2 was bonded to the bottom face of the beam by epoxy 
adhesive. In order to prestress the sheets were bonded to removable steel plates, which were fixed to 
the mechanical device by threaded rods and nuts. The prestressing force was applied manually by 
twisting the steel nuts, which were tightened against the mechanical device (Figure 2.24). The 
prestressing procedure was discussed in detail in title 2.3.3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.24 - Prestressing of the CFRP sheet (Piyoung Yu et al 2003) 
. Instrumentation and Testing 
The three beams were tested to ultimate condition under four – point loading test set up (Figure 2.25).  
Strain gages were attached to the CFRP sheets to measure the strains along the span of the beams. 
Three strain gages were attached on the internal longitudinal reinforcement at mid-span and close to 
one point load. Two strain transducers were applied to measure the deflection of the beams at mid-
span.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                               Figure 2.25 - Test setup (Piyoung Yu et al 2003) 
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2.5.2.2      Experimental results 
Table 2 - 8 Testing results of the beams 
 
Beam Failure mode  
Ultimate 
load (KN) 
Load increment 
(%) 
Deflection  
(mm) 
Displacement 
decrease  
(%)
A Concrete crush 68 _ 89 _ 
B CFRP rapture 89 30 20 75 
C 
CFRP end debonding and 
rapture 
112 65 20 75 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                      a)                                                                                              b) 
Figure 2.26 - Load – Deflection and Strain in CFRP diagram (Piyoung Yu et al 2003) 
It can be seen in Figure 2.26a the bending stiffness of Beam C is greater than of Beam A and B, as a 
result of pre-stressed CFRP sheet. After yielding, the load carrying capacity of the strengthened 
beams was much greater than that of control beam. Test results indicate that after strengthening the 
flexural strength of the beams increased significantly. Figure 2.26b shows that higher strains were 
recorded in Beam C because of the initial pre-stress. It can be seen that in the initial stages of testing 
the strains in Beam B and Beam C CFRP sheets at mid-span were constant up to flexural cracking.  
2.5.2.3      Conclusion 
The ultimate flexural strength of the retrofitted RC beams increased significantly after strengthening. 
The ultimate deflection of the retrofitted RC beams decreased significantly after strengthening.  
The CFRP U – Wraps increased the end bonding performance of the pre-stressed CFRP sheets 
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3.   FINITE ELEMENT MODEL OF STRENGHTHENED RC BEAM WITH 
PRESTRESSED FRP LAMINATE.  
 
3.1     Introduction  
The FEM offers a powerful and general analytical tool for studying structural behavior of reinforced 
concrete structures. Cracking, tension stiffening, non-linear material properties, interface behaviors, 
and other effects previously ignored or treated in a very approximate by other numerical methods can 
be modeled rationally using FEM. The reliability of the method is largely dependent on the accuracy 
with which the model simulates the actual behavior and geometrical characteristics of the prototype 
structure. Where simple analytical methods are not feasible for the solution of complex civil 
engineering problems, the FEM offers an effective, versatile, and reliable approach to handle such 
cases.  
From the point of view, in this study, in order to establish a numerical analysis method to appropriately 
evaluate the flexural behavior of strengthened RC beams with CFRP, two dimensional elastic – plastic 
Finite Element analysis were carried out using the commercial FE package DIANA (DIANA 9.3). The 
tasks are to build a model which can represent the beam crack pattern and predict ultimate loads 
reasonably, the strain of CFRP at failure loads. Further more, experimental results obtained from four 
points bending test were used to confirm an applicability of the FE analysis method.    
 
3.2     Experimental program  
To investigate the flexural behavior of RC beams strengthened with ordinary and pretensioned FRP 
laminates, an experimental testing of real – scale RC and PRC has been carried out at the 
Department of Structural and Transportation Engineering of University of Padova (Pellegrino et al. 
2009). The typical beams dimensions, material properties are shown in figure 3.1 and table 3 -1 and 
table 3 - 2  
Table 3 - 1 General characteristics of specimens 
 
 
Dimension (mm) Specimen  
Height Width 
Length  
(m) 
Concrete FRP area 
(mm2) 
End 
anchorage 
FRP 
prestressing 
strain 
RC – C 500 300 10 Ordinary _ _ _ 
RC- N 500 300 10 Ordinary 120 No _ 
RC – EA 500 300 10 Ordinary 120 Yes _ 
RC - PrEA 500 300 10 Ordinary 96 Yes 0.6% 
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Table 3 - 2 Mechanical properties of materials 
 
Material 
Compressive 
strength 
f’c (MPa) 
Tensile 
strength 
ft (MPa) 
Yielding 
strength 
fy (MPa) 
Ultimate 
strength 
fu (MPa) 
Young 
Modulus 
E (Mpa) 
Poision’s 
ratio 

Concrete 71 5.2 _ _ 38060 0.2 
Rebar 
Stirrup 
_ _ 536 633 200000 0.3 
CFRP _ 2780 _ _ 166000 0.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 – Details of specimens 
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Unidirectional Carbon FRP (CFRP) pultruded laminates having dimensions of 1.2 x 100 mm and 1.2 x 
80 mm were used for ordinary and pretensioned strengthening, respectively. 
 
                      FRP prestressing process 
. 
  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
  
 
 
 
 
Prepartion of concrete suface with abrasive disk.  
Drilling of the concrete for bolts. Eights bolts of 16 
mm in diameter and 100 mm in length were used to 
anchor the FRP laminates to the steel plates. 
First : Apply two – component epoxy resin with 
the thickness of 2 mm into concrete suface. 
Second : Apply the FRP laminate to the tensile 
edge of the beam. 
For fixed end  
Assemble the laminate into the provisional steel 
anchoring device, linked by a removable steel 
element to the steel plate, joined with eight bolts to 
the concrete beam 
For mobile end  
Assemble the laminate into the mobile provisional 
steel anchoring device 
For mobile end  
Hydraulic jack is applied to create the tensile strain to 
the laminate by  mean of pushing the mobile 
provisional  steel anchorge 
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The RC – C beam, which was not strengthened, was the control beam  
The RC – N beam was strengthened with ordinary CFRP laminate. The concrete surface of all 
strengthened specimens was cleaned with abrasive disk and the CFRP laminates were then applied 
to the concrete prisms with two component epoxy adhesive with uniform thickness of 2 mm. Further 
more a series of strain gauges was installed in to the tested beams at different places.  
The RC – EA beam was also strengthened with ordinary CFRP laminate at the bottom, but the 
mechanical steel bolted plate anchorages were used at both ends (Fig 3.1).  
The RC – PrEA was strengthened with pretensioned CFRP laminate with the prestressing strains of 
0.6%.   
 
3.3     Nonlinear finite element analysis  
3.3.1      Finite element model   
Considering the geometrical and structural symmetry of the RC beams, only half of the beam was two 
– dimensionally modeled. The model was supported vertically at the base and horizontally at the 
beam’s centerline with roller support. Load was applied to a single node. The typical finite element 
mesh and boundary conditions are shown in Figure 3.2. The element size was maintained at 
approximately 100 x 100 mm. The aspect ratios (length over height) ranged from 1.0 to 1.2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2a - 2D Mesh of beams loaded in 4 points bending  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2b - Rebar, stirrup and CFRP modeling  
Horizontal roller support Vertical roller support 
Loading point 
500 3200 1300 
Rebar Stirrup 
 CFRP 
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                                                  a)                                                             b)  
 
  Figure 3.3 – a) Plane stress element characteristics, b) CQ16M plane stress element  
 
.  Concrete and CFRP model 
The concrete and CFRP laminate was modeled using eight – node quadrilateral isoparametric plane 
stress element (CQ16M) as shown in Figure 3.3b. Each element has sixteen degrees of freedom (dof) 
with two displacements, ux and uy, at each node. A 2 x 2 Gaussian integration scheme was used.   
The plane stress element was chosen for concrete and FRP since the beam was two dimensionally 
modeled and there is no bending outside the plane of the structure.  
.  Rebar and Stirrup model 
The rebar and stirrups was modeled as embedded reinforcement elements with perfect bond between 
rebar and concrete. The embedded model (Figure 3.3c) overcomes the concrete mesh restriction(s) 
because the stiffness of the reinforcing steel is evaluated separately from the concrete elements. With 
this approach, the reinforcing layer is aligned with one of the local isoparametric element coordinate 
axis. Generally, the reinforcing bar is considered to be an axial member built into the concrete element 
in such a way that its displacements are compatible with those of surrounding concrete elements.  The 
advantage of the embedded model is that it allows independent choice of the concrete mesh.   
 
 
 
 
 
 
Figure 3.3c - Embedded reinforce element 
.  Interface model 
  
 
 
 
Figure 3.3d - CL12I interface element (topology and displacement) 
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The interface between CFRP and concrete was modeled using interface element (CL12I) which is 
based on quadratic interpolation as shown in Figure 3.3d.Infact, the structural interface elements 
describe the interface behavior in terms of a relation between the normal and shear tractions and the 
normal and shear relative displacements across the interface.  
The basic variables for structural interfaces are the nodal displacements ue. The derived values are 
the relative displacements u and the tractions t. The structural interface elements describe a relation 
between t and u across the interface. DIANA can output the derived values in the integration points. 
The actual set of variables depends on the dimensionality of the interface element. Variables of two-   
dimensional structural interfaces are oriented in the local xy axes.  
                         ue = 
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The normal traction tx is perpendicular to the interface, the shear traction ty is tangential to the 
interface (Figure 3.3e) 
 
 
 
 
                                     a) Displacements                 b) Relative displacements                      c) Traction 
 
Figure 3.3e - Variables of two – dimensional structural interfaces  
 
3.3.2 Material model 
.  Concrete   
Tensile behavior of the concrete was modeled using smeared crack, which assumes micro – cracking. 
Smeared crack model represents cracked concrete as an elastic orthotropic material with reduced 
elastic modulus in the direction normal to the crack plane (Fig 3.4a). With this continuum approach the 
local displacement discontinuities at cracks are distributed over some tributary area within the finite 
element and the behavior of cracked concrete can be represented by average stress – strain relation 
(Hyo – Gyoung Kwak, Filip C. Filippou 1990).  
In this model, cracking of the concrete was taken in to account by using multi – directional fixed crack 
model (Fig 3.4b). A crack is initiated perpendicular to the direction of the principal tensile stress if this 
stress exceeds the tensile strength. After the first crack initiated, another crack are allowed to form if 
the principal tensile stress exceeds the tensile strength, and the angle between the principal tensile 
stress and the existing cracks exceeds a threshold angle (DIANA 9.2)  
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                                 a)                                                                                      b)   
 
Figure 3.4 - a) Smeared crack model, b) Multi – directional fixed crack model  
 
Further more, in smeared crack model both constant tension cut – off, linear tension softening and 
constant shear retentions are combined ( Fig 3.5)  
Where : ft  is the tensile strength of the concrete. 
             cru is the ultimate strain for cracking  
             Gf  is the fracture energy and h is the estimated numerical crack bandwidth 
 
 
 
 
 
 
 
 
 
                               
                                  a)                                                                           b)   
 
 
Figure 3.5 - a) Constant tension cut – off, b) Linear tension softening   
 
Constant shear retention is considered to define the reduction of shear stiffness Gcr of the concrete 
element after first cracking.  Gcr = β. G, being 0 ≤ β ≤ 1 
.  Steel   
Rebar and stirrup had an elasto – plastic behavior, defined by its yield stress y and a typical elastic 
modulus of 200 GPa (Fig 3.6a). The steel stress – strain relation exhibits an initial linear elastic 
portion, a yield plateau, a strain hardening range in which stress again increases with strain and, 
finally, a range in which the stress drops off until fracture occurs.  
The reasons for this approximation are: (1) the computational convenience of the model; (2) the 
behavior of RC members is greatly affected by the yielding of reinforcing steel when the structure is 
subjected to monotonic bending moments. Yielding is accompanied by a sudden increase in the 
deformation of the member. In this case the use of the elastic-perfectly plastic model in Figure 3.6a 
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leads to numerical convergence problems near the ultimate member strength. It is, therefore, 
advisable to take advantage of the strain-hardening behavior of steel in improving the numerical 
stability of the solution.The assumption of a linear strain hardening behavior immediately after yielding 
of the reinforcement does not adversely affect the accuracy of the results, as long as the slope of the 
strain hardening branch is determined so that the strain energy of the model is equal to the strain 
energy of the experimental steel stress-strain relation (Hyo – Gyoung Kwak, Filip C. Filippou 1990).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6a - Stress and Strain relation in Steel 
 
.  CFRP   
The CFRP laminates have a very high unidirectional tensile strength. In this study the behavior of the 
FRP composites are assumed to be linear – elastic until failure with no post peak or ductile behavior. 
Failure in these materials is reached when the strain, pu, corresponding to failure reaches its rupture 
stress, fpu, as shown in Figure 3.6b. Since the FRP is used primarily to carry tensile forces, it has 
stiffness in only one direction (along the fibers), thus no lateral and shear resistance is observed.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6b - Stress – strain relationship for FRP composites  
Flexural Strengthening of Reinforced Concrete Beams with Prestressed FRP Laminates 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 37  
.  Interface model  
The behavior of the interface between FRP and concrete support is one of the main elements 
controlling debonding failures in RC structures strengthened with FRP laminate (Pellegrino et al. 2008) 
Therefore, an interface model between CFRP laminate and concrete was modeled using bond – slip 
model. Bond between FRP and concrete is typically expressed with a relationship between interfacial 
shear stress and the corresponding slip (“ b – s “ relationship).  
b – s  relationship is typically non linear with a descending branch (Fig 3.7a). The first ascending 
branch is defined by taking into account the deformability of adhesive layer and concrete support for 
an appropriate depth (CNR –DT 200/2004).  
According to (Monti et al 2003) local bond – slip are characterized by the following fundamental 
parameters:  
Maximum bond/ shear stress - max   
max = 1.8kbfctm = 1.8.1.11.5.2 = 10.46 (N/mm2) 
Slip at peak bond strength when bond stress peaks - speak  
speak = 2.5max(nf tf/Ef  + 50/Ec) = 2.5.10.46.(1.2/166000 + 50/38060) = 0.03 (mm) 
(corresponding to local debonding of FRP from concrete support). 
Slip at ultimate when bond stress falls to zero - sult 
sult = 0.33kb = 0.33.1.11 = 0.368  (mm) 
(corresponding to local debonding of FRP from concrete support). 
Geometrical factor - kb 
kb = 
100/1
/2
5.1
f
cf
b
bb


= 


100/1001
300/10025.1 1.11 
 
Where :  
bc  : width of the beam  
bf : width of FRP(mm)  
Ec and Ef : elastic modulus of concrete and FRP 
nf : number of FRP layers  
tf : thickness of one FRP layer  
fctm : mean value of concrete tensile strength  
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Figure 3.7a - Bond – Slip behavior of interface element (CNR –DT 200/2004) 
 
In order to model the anchorage system, the bond – slip behavior of the interface at the anchorage 
region was model with much higher bond stress than the other region (Fig 3.7b). The behavior was 
essentially linearly up to failure which creates a very high friction between FRP and concrete at 
anchorage area.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7b - Bond – Slip behavior of interface element at anchorage zone 
 
3.3.3 Numerical procedure 
3.3.3.1      General  
Displacement – based finite elements methods are commonly used in structural analysis and result in 
a system of equation relating unknown nodal displacements to specified forces by the structure 
stiffness matrix typically in the form:  
R = K.U 
 
 
sult 
 m
ax
 (N
/m
m
2 ) 
s (mm) 
Concrete 
Anchorge zone with high 
bond stress interface 
behavoir 
CFRP 
speak 
max 
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Where:   
R – external forces  
K – element stiffness  
U – displacements  
Based on the computed displacements, stresses and strains are calculated. The equations involved 
are derived from appropriate structural theory and satisfy the following equations: equilibrium (relate 
stresses to applied forces), compatibility (strains to displacement), and constitutive (stresses to 
strains).  
3.3.3.2      Iterative method  
In nonlinear analysis, the total load applied to a finite element model is divided into a series of load 
increments called load steps. At the completion of each incremental solution, the stiffness matrix [K] of 
the model is adjusted to reflect nonlinear changes in structural stiffness before proceeding to the next 
load increment. The DIANA program use Newton – Raphson equilibrium iterations for updating the 
model stiffness.  
Newton – Raphson equilibrium iterations provide convergence at the end of each load increment 
within tolerance limits. Figure 3.7c shows the use of the Newton-Raphson approach in a single degree 
of freedom nonlinear analysis. 
Prior to each solution, the Newton – Raphson approach assesses the out - of balance load vector, 
which is the difference between the restoring forces (the loads corresponding to the element stresses) 
and the applied loads, and checks the convergence. If the convergence criteria are not satisfied, the 
out – of balance load vector is re – evaluated, the stiffness matrix is updated, and a new solution is 
attained. This iterative procedure continues until the problem converges.  
A displacement – control incremental loading method was applied to surcharge the external load on 
the RC beam in this study 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 3.7c - Newton – Raphson iterative solution 
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3.3.3.3      Modeling pre-stress in FRP 
The first step, CFRP of the RC – PrEA was applied initial tensile stress x = i . Ef = 0.006.166000 = 
1000 MPa which generates a compressive stress at the bottom of the beam (Fig 3.7d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7d - Stress in concrete along the bottom zone of beam (x) due to the posttensioning of FRP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7e - Deflection  due to the posttensioning of FRP 
 
After first step, the second step has been done by mean of applying compressive force to the tensile 
face of the beam. This compressive force will balance with the tensile internal force generated by the 
external load.  
 
 
Deflection 
Cambering of RC beam due 
to the posttensioning of FRP 
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3.4     Results and Discussion 
3.4.1      Load – Deflection relationship 
Three linear variable differential transformers (LVDTs) were used to measured deflections for the 
experimental beams at mid-span and at bearings. For Finite element model, deflections are measured 
at the same location as for the experimental beams. Figure 3.8 - 3.11 shows the load – deflection 
diagram from the finite element analyses and the experimental results for four beams.  
. RC - C 
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 - Load – Deflection diagram for control beam (RC - C ) 
 
Flexural Strengthening of Reinforced Concrete Beams with Prestressed FRP Laminates 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                     42 
RC- N Load - Deflection diagram
0
20
40
60
80
100
120
0 20 40 60 80 100 120
Deflection (mm)
Lo
ad
 (k
N
)
Experimental
Numerical
Figure 3.8 shows that the load – deflection diagram from finite element analysis (FEA) agrees well 
with the experimental results for the Control Beam (RC –C). In the linear range, the load – deflection 
plot from the FEA and the experimental results has an excellent agreement. The first cracking load for 
both FEA and experimental results is 10.5 KN. After first cracking, the finite element model is stiffer 
than the actual beam by approximately 9.5%. The yielding load for the FEA is 54 KN, which is higher 
than the load of 52 KN from the experimental results by 4%. Lastly, the final load of 68.1 KN from the 
model is lower than the ultimate load of 72.1 KN from the experimental data by only 6%.    
. RC – N 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 - Load – Deflection diagram for beam strengthened with ordinary CFRP without anchorage system  
(RC - N ) 
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RC-EA Load - Deflection diagram
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Figure 3.9 shows that the load – deflection plots for the RC – N beam from the experimental data and 
the finite element analysis (FEA) are in reasonably good agreement. Slightly different from Control 
beam, the finite element model of RC - N is stiffer than the actual beam in the linear range by 
approximately 28.3%. The finite element model cracks at 10.2 KN, which is higher than the actual 
beam load of 7.95 KN. After first cracking, the two plots have a similar trend; however, the finite 
element model is again stiffer than the experimental beam. The final load for the model is 97.7 KN, 
which is almost the same with the ultimate load of the actual beam.  
. RC – EA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 - Load – Deflection diagram for beam strengthened with ordinary CFRP with anchorage system  
(RC - EA) 
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RC-PrEA: Load - Deflection diagram
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As shown in Figure 3.10, the two load – deflection plots for the RC – EA beam correlate well with each 
other. Similar to the RC – N, the finite element model is stiffer than actual beam in the linear stage by 
approximately 61%. The first cracking load for the finite element model is 13.4 KN, which is higher 
than the load of 8.46 KN from the experimental results by 58%. After first cracking, the finite element 
model and the actual beam have almost the same stiffness. The yielding load for the FEA is 80 KN, 
which is lower than the load of 82 KN from the experimental results by 2.5%. Lastly, the ultimate load 
of 116 KN from the model is higher than the final load of 108 KN from the actual beam by only 7%.      
. RC – PrEA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 - Load – Deflection diagram for beam strengthened with pretensioned CFRP (RC - PrEA) 
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Figure 3.11 compares the two load – deflection plots for the RC – PrEA beam up to 139 KN. The load 
- deflection plot from FEA agrees well with the experimental data. In the linear range, the load - 
deflection plot from FEA and experimental results have almost the save stiffness. The first cracking 
load levels from the model and the experimental results are 25.5 KN and 31 KN, respectively, a 
difference of 21%. After cracking, the stiffness for the finite element model is slightly lower than the 
experimental data. The failure load in the model is 139 KN.  
. Conclusion  
In general, the load – deflection diagrams for all four beams from the finite element analyses (FEA) 
agree quite well with the experimental data. For the two beams RC –C and RC - PreEA, the finite 
element load – deflection plots in the linear range are almost the same with the experimental plots 
while RC – N and RC – EA beam model plots are stiffer than the actual beam plots by 28 - 61%.The 
first cracking load for three first beams from FEA are higher than those from the experimental results 
by 28 – 58% in contrast with the final beam (RC – PrEA) which is lower than the experimental load by 
approximately 21%. After first cracking, the stiffness of the finite element model is again higher than 
that of the experimental beams.  
There are several factors that may cause the higher stiffness in the finite element models. Microcracks 
produced by drying shrinkage and handling are present in the concrete to some degree. These would 
reduce the stiffness of the actual beams, while the finite element models do not include microcracks 
(Hyo – Gyoung Kwak, Filip C. Filippou 1990). Perfect bond between the concrete and steel reinforcing 
is assumed in the finite element analyses, but the assumption would not be true for the actual beams. 
As bond slip occurs, the composite action between the concrete and steel reinforcing is lost. Thus, the 
overall stiffness of the actual beams could be lower than what the finite element models predict, due to 
factors that are not incorporated into the models. Table 3-3 and 3-4 show the difference in load – 
deflection behavior for the four beams between experimental beams and finite element models.  
Table 3 - 3 Load result comparisons for concrete beam strengthened with CFRP laminate 
 
Beam 
Cracking load 
(KN) 
Yielding load 
(KN) 
Ultimate load 
(KN) 
Failure mode 
 Experimental Numerical Experimental Numerical Experimental Numerical  
RC - C 10.5 10.5 52 54 72.1 68.1 Steel yielding 
RC – N 7.95 10.2 84.8 84 98 97.7 
End 
delamination 
RC-EA 8.46 13.4 82 80 108 116 
Anchorage 
failure 
RC-
PrEA 
31 25.5 106 100 129 139 
Anchorage 
failure 
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Table 3 - 4 Deflection result comparisons for concrete beams strengthened with CFRP laminate 
 
Beam 
Deflection at cracking load 
(mm) 
Deflection at yielding load 
(mm) 
Deflection at ultimate load 
(mm) 
 Experimental Numerical Experimental Numerical Experimental Numerical 
RC - C 2.2 2 41.4 40 158.2 130 
RC – N 1.6 1.6 61 66.8 81 89 
RC-EA 2.1 2.1 56 54.8 100 110 
RC-PrEA 6.5 4.5 58.9 56.5 98 96.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 - Load – Deflection diagram for four beams strengthened with CFRP based on Experimental and 
Numerical results 
Figure 3.12 illustrates the differences in load – deflection behavior for the four beams based on the 
test and finite element model results. The figure shows that the stiffness of the beams before and after 
applying FRP strengthening is approximately the same in the linear range. After first cracking, the 
stiffness of the FRP – strengthened beams from the finite element analyses is higher than that of 
Control beam, which is consistent with the experimental results.  
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For comparing the load – carrying capacity of the beams, the finite element models have the same 
sequence as the actual beams. The beams strengthened with ordinary FRP (RC-N, RC-EA) has about 
the same cracking load as Control beam (RC-C), whereas a beam strengthened with prestressed FRP 
(RC-PrEA) has about twice the load at cracking. This increase in the cracking load may be attributed 
to the compressive stress that is applied to the lower face of the concrete section by the FRP laminate 
prestressing force. From the figure 3.12, it can be realized that the greatest advantage with 
prestressing the strengthening material is probably the increase steel – yielding load. Both data from 
FEA and actual beams of RC -PrEA have shown an almost 100 % increase in steel yielding as 
compared to the nonstrengthened beam and up to 30% as compared to beams strengthened without 
prestressing. Yielding of the steel is delayed with the addition of the FRP laminates, since the 
laminates carry a significant portion of the tensile load, thus reducing the stress in the steel. When the 
laminates are prestressed, they carry a higher portion of the tensile force, further reducing stresses in 
the steel (Wight, R.G et al. 2001).  
Further more, ultimate strength of the beams significantly increases with the addition of CFRP 
reinforcement. The ultimate load of the Control beam was increased approximately by 50% when the 
ordinary CFRP laminates were applied. A slight increase in the ultimate load of the beam 
strengthened with prestressed CFRP up to 80% was observed. This increase was due to the 
prestressing and end – anchorage action which delayed complete failue (Pellegrino et al. 2009) 
3.4.2 Strain in Concrete and FRP laminate 
The locations of the strain gauges are shown in Figure 3.2. The beams were equipped with a 
minimum three strain gauges in the middle cross section, at the upper and bottom faces and laterally 
at the longitudinal reinforcement position. Comparisons of the load – tensile strain in concrete and 
FRP laminates plots from finite element analyses with the experimental data for both Control beam 
and CFRP strengthened beams are shown in Figure 3.13 – 3.14.  
Table 3 - 5 shows the difference of strain in concrete between experimental beams and finite element 
models at the longitudinal reinforcement position.  
          Table 3 - 5 Strain result comparisons in concrete for beams strengthened with CFRP laminate 
 
Beam 
Strain at cracking load 
(0/00) 
Strain at yielding load 
(0/00) 
Strain at ultimate load 
(0/00) 
 Experimental Numerical Experimental Numerical Experimental Numerical 
RC - C 0.06 0.06 3.5 2.45 10.4 10.8 
RC – N 0.03 0.05 3 3.2 4.8 5.5 
RC-EA 0.04 0.06 0.004 3 5.1 6.5 
RC-PrEA 0.36 0.14 3 2.9 5.1 5.5 
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 Load - Strain diagram in Concrete
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Figure 3.13 - Load – Strain diagram in concrete for four beams strengthened with CFRP based on Experimental 
and Numerical results 
Figure 3.13 shows that for all the beams the strain from experimental data and finite element analyses 
(FEA) have an excellent agreement in linear stage. After first cracking, there is a slight difference 
between model and experimental plots. For the Control beam RC –C (graph no1) and the RC-PrEA 
beam (graph no4), the finite element model has lower strain than the experimental beam at the same 
load. This deference is possibly due to the additional tensile strain caused by the first cracking in the 
actual beam which does not occur in finite element model. The strain for both FEA and experimental 
beam of RC –C beam significantly increase after yielding load. In case of RC – N and RC – EA beam 
(graph no2 and graph no3), the finite element model has higher tensile strain than actual beam after 
cracking load. The reason for this difference may be caused by the shrinkage of the concrete which 
generates the initial compressive strain in experimental beam.  
In general, the plots of load versus tensile strains in the concrete at the position of longitudinal 
reinforcement bar from the FEA have similar trends to those from the experimental results. In linear 
range, the strains calculated by the finite element program are nearly the same as those measured in 
the actual beam. However, after cracking of the concrete, an inconsistency occurs in the results of the 
FEA and the experimental data. For the Control beam (RC – C) and the beam strengthened with 
1 
2 
3 
4 
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 Load - Strain diagram in FRP
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presstressed CFRP (RC- PrEA), DIANA predicts that the strains occurring in the concrete are lower 
than those in the actual beam, while the predicted strains for other two model ( RC – N and RC – EA) 
are higher than those in the actual beams.  
For comparing the strain in concrete of the beams, the finite element models have the same sequence 
as the actual beams. The strain in concrete for all the beams strengthened with CFRP is lower than 
the Control beam.   
. FRP 
Table 3 - 6 shows the difference of strain in FRP between experimental beams and finite element 
models at the bottom face.  
Table 3 - 6 Strain result comparisons in FRP for beams strengthened with CFRP laminate 
 
Beam 
Strain at cracking load 
(0/00) 
Strain at yielding load 
(0/00) 
Strain at ultimate load 
(0/00) 
 Experimental Numerical Experimental Numerical Experimental Numerical 
RC – N 0.04 0.05 2.79 4.1 4.3 5.7 
RC-EA 0.04 0.3 3 2.9 5.8 6.9 
RC-PrEA 0.36 0.14 3 3 5 5.5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 – Load – Strain diagram in FRP for beams strengthened with CFRP 
1 
3 
2 
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Figure 3.14 shows good agreement for the CFRP strains from the finite element analysis (FEA) and 
the experimental results for the three beams strengthened with CFRP laminates. The model, however, 
consistently shows somewhat higher strains than the experimental results at the same load. This trend 
is similar to what was observed for the concrete strain. From the figure, it can be realized that the 
strain in FRP of RC – N and RC- EA beam from both FEA and experimental results is almost the 
same. The strain in FRP of RC – PreEA has a smallest value. This behavior is possibly due to the 
prestressed force applied on FRP which generated compressive force in concrete at bottom surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.15 - Strain diagram in FRP along the beams based on Numerical results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 - Strain diagram in FRP along the RC - PrEA beam 
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Stress - load diagram in main reinforcing  steel
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As shown in figure 3.15, the strain in FRP significantly increases along the beam and reaches the top 
value at the loading point. The total tensile strain in FRP for all three beams has the same value of 
0.7% (38% of ultimate strain).  
More over, it can be seen that the strain in prestressed FRP has lower value than ordinary FRP at the 
same position in the beam. This phenomenon strongly confirms an advantage in applying the 
prestressed FRP to strengthen reinforced concrete beam. 
Figure 3.16 illustrates the strain distribution in FRP along the beam strengthened with pretensioned 
CFRP (RC-PrEA) from the finite element analyses and experimental data. Generally, the result from 
both FEA and actual beam has similar trend. The model, however, has lower value of strain near the 
anchorage zone when compared with the experimental beam. The factor that may cause the lower 
strain in the model is probably due to the perfect bond between the concrete and CFRP reinforcing 
assumed in the finite element analyses. As bond slip occurs, the composite action between the 
concrete and FRP is partially lost with different load steps. Thus, the overall bond stress of the actual 
beams in anchorage zone could be lower than what the finite element models predict, due to factors 
that are not incorporated into the models. 
 
3.4.3 Tensile stress in main Reinforcing Steel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17 - Stress and Load diagram in main reinforcing steel based on numerical results 
 
Figure 3.17 shows the distribution of the tensile stress predicted from finite element analysis in main 
reinforcing steel at the bottom face of the beams. It can be realized that, the strengthened beam (RC-
N, RC-EA, RC-PrEA) has a lower value of tensile stress in steel than the control beam. This 
phenomenon is due to the fact that the stresses carried by the steel were redistributed to the CFRP. 
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Furthermore, as plotted in the graph the stress in the steel is significantly decreased with the 
appearance of the prestressed CFRP in the beam RC-PrEA. In fact, when the laminates are 
prestressed, they will carry a higher portion of the tensile force, further reducing stresses in the steel 
and increase the loading capacity of the beam.  
 
3.4.4 Ductility of the beam 
Most fiber composites are linear – elastic material without any defined yield plateau. Structures, on the 
other hand, should be designed to fail in a ductile way or at least with adequate warning signals 
preceding a potential collapse. According to (Dong -Suk Yang et al 2008) the ductility of the beams 
are expressed as the ratio of the deflections when a member is subjected to the ultimate load to that 
when it yield. The ductility index for each is shown in table 3-7  
Table 3 - 7 Ductility index for concrete beams strengthened with CFRP laminate 
 
Beam 
Deflection at yielding load 
(mm) 
Deflection at ultimate load 
(mm) 
Ductility index 
 
 Experimental Numerical Experimental Numerical Experimental Numerical 
RC - C 41.4 40 158.2 130 3.8 3.2 
RC – N 61 66.8 81 89 1.32 1.33 
RC-EA 56 54.8 100 110 1.78 2 
RC-PrEA 58.9 56.5 98 96.5 1.66 1.7 
 
From the Table 3 - 7, it can be realized that, the ductility of the beam with bonded CFRP laminate 
without anchorage system (RC-N) decrease about 60% when compared with the control beam, due to 
brittle failure caused by debonding failure between the concrete and CFRP laminate. This drawback is 
improved by applying the anchorage system into the each end of the beam in order to avoid the end 
debonding of the FRP laminate (RC-EA and RC-PrEA). The deference of ductility between the control 
beam and the beams strengthend by CFRP laminate with an anchorage system is only 30% so that it 
can be negligible. However, in some case, although the use of externally bonded FRP increases the 
loading capacity of the beam but the sections experienced a significant loss in ductility. To maintain a 
sufficient degree of ductility besides using the anchorage system for FRP laminate, the strain level in 
the steel at the ultimate – limit state should be also checked. Adequate ductility is achieved if the strain 
in the steel at the point of concrete crushing or failure of the FRP, including delamination or 
debonding, is at least 0.005 (ACI 440 Committee 440 2002).         
Figure 3.18 shows the ductility index of the reinforced concrete beams without strengthened and 
strengthened with CFRP laminate.  
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Figure 3.18 - Ductility diagram of the RC beams 
 
 
3.4.5 Evolution of crack patterns 
Figure 3.20a,b shows the propagation of cracking modes of the beams at different load steps in 
DIANA model. As shown in the figure at the bottom of the beam at midspan, principle tensile stresses 
occur mostly in the X direction. When the principal stresses exceed the ultimate tensile strength of the 
concrete, cracking signs appear perpendicular to the principal stresses in the X direction. Therefore, 
the cracking signs shown in the figure appear as vertical straight lines and concentrates at the region 
near the loading point where the maximum bending moment appears. Moreover, It can be realized 
that, compared with the Control beam, the strengthened beams has a smaller cracking amplitude and 
the cracking bandwidth. These effects were more evident for strengthened with prestressed FRP 
laminates. Figure 3.19 shows the crack modes observed from the experimental beams.  
                                  RC – C                                                                       RC - N 
 
 
 
 
 
                                 RC – EA                                                                   RC - PrEA 
 
 
 
 
 
 
Figure 3.19 - Crack patterns at failure load observed in experimental beams  
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Figure 3.20a - Crack patterns of RC – C and RC – N beams at different load steps from finite element model 
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Figure 3.20b - Crack patterns of RC – EA and RC – PrEA beams at different load steps from finite element model 
Flexural Strengthening of Reinforced Concrete Beams with Prestressed FRP Laminates 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS                     56 
3.4.6 Deformed Shape of the beams at failure load 
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Figure 3.21 – Deformed Shape of the beams at failure load 
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4.   CONCLUSION  
Concrete beams are important structural members in building. The performance of beams is largely 
dependent on the condition and quantity of tensile reinforcement in these members. Additional tensile 
reinforcement is often used to strength the concrete beams due to the corrosion of the current steel or 
other damage that may cause the reduction of the member’s stiffness. In many application, fiber 
reinforced polymer (FRP) laminate bonded to the tensile face of the beam provide an efficient, 
noncorroding alternative to other rehabilitative methods.  
In this study, the flexural performance of reinforced concrete beams strengthened with CFRP plates 
using FRP bonding and prestressed FRP bonding has been mainly discussed. This literature review 
has shown that although bonding FRP sheet to a beam can increase its ultimate strength, the sheet 
does not significantly change the cracking load or the behaviour of the beam under service loads. 
However, by prestressing the sheet, the material is used more efficiently. In fact, prestressed FRP 
sheets can signiﬁcantly improve the serviceability of a reinforced concrete structure. The prestressed 
sheets are most effective at reducing crack widths and delaying the onset of cracking. Because 
cracking is reduced, the beams with prestressed sheets have smaller deﬂections and curvatures at 
failure. Prestressed FRP sheets can dramatically decrease the strains in the reinforcing steel and 
delay its yielding. Although FRP sheets can signiﬁcantly increase the ultimate strength of concrete 
beams, prestressed sheets are slightly more effective at strengthening than unstressed sheets, 
because prestressing can prevent premature failures.  
Typically, the behaviour of reinforced concrete beams is studied by full – scale experimental 
investigations. However, with the help of the finite element analysis, the experimental results can be 
strongly consolidated. Therefore, in this study finite element analysis has been done to verify the 
possibility of using prestressed FRP in strengthening Reinforced Concrete beams.  
The following conclusions can be stated based on the evaluation of the analyses of the concrete 
beams:  
 The general behavior of the finite element models represented by the load – deflection 
diagrams at midspan show good agreement with the test data from the real – scale beam test. 
However, the finite element models show slightly more stiffness than the test data in both 
linear and nonlinear stage. The effects of bond slip (between the concrete and steel 
reinforcing) and micro cracks occurring in the actual beams were excluded in the finite 
element models, contributing to the higher stiffness of the finite element models.  
 The load – strain diagrams for selected locations from the finite element analysis (FEA) show 
fair agreement with the test results. For the load – tensile strain plots for the concrete at the 
midspan, the strain from FEA and experimental data correlate well in the linear range, and the 
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trends in the nonlinear range are generally comparable. The load – tensile strain in FRP plots 
(at midspan at the center of the bottom face) from the full – size beams have good agreement 
with those from the finite element analysis. However, it can be realized that the tensile strain 
from the model after first cracking is higher than the data from the experimental beams, 
especially for the beam strengthened with pre-stressed CFRP.  
 The significant reduction of stress in steel of the control beam after strengthening with pre-
stressed CFRP laminate can be observed from the finite element analysis results. This 
phenomenon caused by the fact that when the laminates are pre-stressed, they can carry a 
higher portion of the tensile load, further reducing stresses in the steel.  
 The ductility reduction of the beams after strengthening with CFRP laminate was observed 
both in experimental and numerical results. However, this drawback was improved by mean of 
adding the anchorage system at the end of the laminate in order to avoid both debonding and 
pelling of laminate.  
 The crack pattern at the final loads from the finite element models correspond well with the 
observed failure modes of the experimental beams. Furthermore, more distribution and 
smaller crack amplitude were detected for strengthened beams with respected to the control 
beam. These effects were more evident for beams with pre-tensioned laminates.  
 
 
 
 
 
 
 
 

